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In previous studies we used interference analysis and photochemical cross-linking experiments with single-cysteine variants of MutH that had been covalently labeled with either probes of different sizes or a photochemical cross-linker to identify specific interactions of MutH with MutL (14) . These results revealed topographical details of the MutL binding site of MutH, located in a region around -helix E of MutH.
In this work, we focus on the MutH binding site of MutL. To determine which face of MutL is interacting with MutH, we designed a series of MutL variants containing a single cysteine in Plasmid pMQ402 (His 6 -MutH), a pBAD18 derivative, was a kind gift from Dr. M. Marinus (18).
For protein expression of MutS and MutL, the E. coli strain HMS174( DE3) (Novagen) was used.
For MutH, the E. coli strain XL1 blue (Stratagene) was used. Pfu DNA polymerase was expressed and purified as described (19).
DNA Substrates
Linear heteroduplex substrates were generated by annealing two 484 bp PCR products amplified by Taq-DNA polymerase with a single GATC site at position 210 and a G/C or a A/T base pair at position 385 using plasmids and primers as described previously (20) . This procedure results in a mixture of 50% homoduplex substrates (G/C and A/T) and 50% heteroduplex substrates (G/T and A/C). In general 40-60% of this DNA was cleavable by MutH in a mismatch and MutS dependent manner. 6 positive clones were inoculated and grown overnight in LB containing ampicillin. Plasmid DNA was isolated using the QIAprep Spin Miniprep (Qiagen) and the entire mutL gene was sequenced.
Plasmids coding for single-cysteine MutL variants were generated from pTX418/Cys-free using the same method described above. Protein variants are labeled as L Q4C , L K52C etc., where the superscript indicates the position of the cysteine residues in the MutL protein, i.e. L Q4C represents the cysteine-free MutL variant with a glutamine to cysteine change at position 4.
The gene coding for the NTD of MutL comprising amino acids 1-331 (MutL 1-331 ) was generated using plasmid pTX418 as a template for an inverse PCR with primers 5'-AAA AAT GCA TTT TGT AGC CAC GCT CAG CAC GC-3' and 5'-AAA AAT GCA TGA GGA TCC GGC TGC TAA CAA AG-3'.
Complementation Mutator Assay
Cells lacking a functional chromosomal mutL gene show a mutator phenotype, which can be analyzed by the frequency of occurrence of Rifampicin resistant clones (18). Single colonies of mutL-deficient TX2652 cells transformed with pET-15b vector alone or pET-15b containing the wild type or mutant MutL gene were grown overnight at 37 °C in 3 ml LB media containing 100 µg/ml Amp. Aliquots of 50 µl from the undiluted culture were plated on LB agar containing 25 µg/ml Amp and 100 µg/ml Rif. Colonies were counted after overnight incubation at 37 °C. 7 frozen in liquid nitrogen and stored at -70ºC in 10 mM Hepes-KOH, 200 mM KCl, 1 mM EDTA, pH 7.9. Protein concentrations were determined using theoretical extinction coefficients (22) .
MutH Endonuclease Assay
MutH endonuclease was assayed on heteroduplex DNA substrate (484 bp) containing a G/T or A/C mismatch at position 385 and a single unmethylated d(GATC) site at position 210. Briefly, 25 nM of the heteroduplex DNA was incubated at 37 °C with 500 nM MutH, 2 µM MutL and 1 µM MutS in 10 mM Tris-HCl, pH 7.9, 5 mM MgCl 2 , 1 mM ATP and 125 mM KCl. At suitable time points, 10 µl aliquots were removed and the reaction stopped by addition of 3 µl 250 mM EDTA 25%
(w/v) sucrose, 1.2% (w/v) SDS, 0.1% (w/v) bromophenole blue pH 8.0 to 10 µl aliquots. Substrate and product were separated by electrophoresis on 2% agarose gels. Initial rates were determined from the linear portion of a plot of the time course.
Site-specific photocross-linking
Proteins were incubated with 20 µM 4-maleimidobenzophenone (MBP, Sigma) in 20 mM Hepes-KOH, pH 6.5, 200 mM KCl for 30 minutes at room temperature with a 2-to 100-fold molar excess of thiol specific reagent. Reactions were stopped by adding a 5-fold molar excess of DTT over thiol specific reagent. Excess reagent was removed using protein desalting spin columns (Pierce). glycerol, the proteins were separated by SDS-PAGE (10% gel) followed by Coomassie staining (PageBlue, Fermentas).
Tryptic Digests and Mass Spectrometry
Coomassie stained protein bands were excised and treated essentially as described (23) . After washing, reduction, acetamidation and dehydration, gel slices were rehydrated in 25 µl 100 ng/µl trypsin (Promega sequencing grade), 50 mM NH 4 HCO 3 (pH 8.0) and incubated 45 minutes on ice.
The supernatant was removed and 20 µl of 50 mM NH 4 excess of DTT over the cross-linker and samples were subjected to SDS-PAGE analysis. In the case of bBBr cross-linking, the gels were analyzed under UV light for dibromobimane fluorescence prior to Coomassie staining. All gels were analyzed with a video documentation system (Bio-Rad).
The intensity of the stained protein bands was quantified using TINA v2.07d software.
Protein-protein Docking
All models were generated using the algorithms implemented in Chemera 2.0 (http://www.cqfb.fct.unl.pt/bioin/chemera/) (25) . BiGGER was run with two docking partners, choosing the MutL dimer (1b63) as the target and the MutH protein (2azo chain B) as the probe, and the following parameters: resolution 1.0, added radius of 1.0 and angular steps of 15 with a minimal overlap of 100. Ten thousand solutions were obtained by this procedure. After the docking run, models were filtered using a 4 Å cutoff to give 2517 unique clusters. We ranked the models by their agreement with the 4 cross-link-derived distance constraints. The docking models were scored similarly as described (24) using the equation:
where n is the number of constraints; d i is the C -C distance in the model for the two residues used as the constraint i; and d max is 16.1 or 12.2 Å, the maximum C -C through-space distance between BMOE or bBBr-crosslinked cysteine residues, respectively.
Results and Discussion

Nucleotide dependence of photocross-linking
At low ionic strength activation of MutH by MutL is independent of MutS and a mismatch on the DNA substrate (26, 27) . Under these conditions, binding but not hydrolysis of ATP by MutL is required for the activation of MutH (11, 13, 27) . Upon ATP binding the N-terminal ATPase domain of MutL dimerizes (27), which is a common theme in all members of the GHKL family, (e.g.) Figure 2 ). This indicates that only dimeric MutL can form a complex with MutH and that the MutL NTD is sufficient for the interaction with MutH, in agreement with previous results using a chemical cross-linker (27). We also examined the dependence of the formation of photocross-links at higher ionic strength (125 mM KCl), and in the presence of DNA (data not shown). Cross-links were observed under both conditions, implying that physical interaction is possible under conditions optimal for DNA mismatch repair (13) .
Single-cysteine variants of MutL
Our next goal was to determine the MutH interaction site of MutL. Methods for mapping protein interaction sites include cross-linking, protection, interference and "foot printing" (30) . We chose a strategy that in principle allows performing any of these approaches in a site-directed manner using the specific chemistry of cysteine residues; here, we report our results for the cross-linking method.
To perform site-specific labeling of MutL, we needed MutL variants that contain only a single cysteine at selected positions. To this end, we first generated a cysteine-free variant of MutL by site-directed mutagenesis. Replacement of all seven endogenous cysteine residues by alternate amino acid residues was guided by a phylogenetic sequence analysis of the MutL proteins. The cysteine-free variant of MutL (LCys-free) see Experimental procedures) was tested for function in vivo and in vitro and displayed activity comparable to wild type ( Table 1 and Table 2 ).
Next, we used the phylogenetic sequence analysis of the MutL proteins and the available structural information for E. coli MutL to identify potential surface residues that could serve as targets for replacement with a cysteine residue. Since it had been shown before that the MutL 1-331 is sufficient to activate MutH in vitro (27) and that it could be photocross-linked to MBP-modified MutH (BP-H R172C ) (see above), we focused on this domain to introduce cysteine residues at thirteen key sites ( Figure 3 ). Most of these residues, except Lys52 and Gln314, have less than 60% similarity to MutL proteins from / proteobacteria, and together they cover a large surface of the MutL NTD.
A prerequisite for successful mapping protein interactions via cross-linking is that the mutations do not affect the function of the protein. In some cases, a mutation directly identifies the proteinprotein interface; such "hot spots" are generally important for complex formation (31,32). We therefore assayed the MutL variants for their in vivo function in mismatch repair. MutL variants were tested for their ability to complement a mutator phenotype in the mutL deficient E. coli strain TX2652 (17). All variants except L K52C and the MutL 1-331 were able to complement a mutL-mutator phenotype at least 10-fold better than the vector control (Table 1) . This indicates that none of the residues tested, with the exception of Lys52, are hot spots for function in mismatch repair and thus for the interaction with MutL. The MutL variants were purified and assayed for their ability to activate MutH in a mismatch dependent manner by MutS ( 
Photocross-linking of single-cysteine MutL variants to MutH
To gain insight into which residues of MutL are in proximity to MutH, photocross-linking experiments were carried out with MBP coupled to cysteine residues in MutL ( We performed tryptic digests and mass spectrometry analysis of the photocross-link products to confirm the presence of MutH and MutL. We tried to identify any cross-linked peptide that could allow us to determine the position of the photocross-link. For BP-H R172C photocross-linked to MutL, we were able to identify tryptic peptides of both MutH and MutL in the photocross-link product. Unfortunately, no cross-linked peptide or missing peptide could be identified since the sequence coverage for MutL peptides was too low (data not shown). In contrast, analysis of the tryptic digest of BP-L N169C photocross-linked to MutH allowed us to identify two peptides of MutH that are present in the unmodified form of MutH but are missing in the photocross-linked product ( Figure 5 ), indicating that these peptides may be cross-linked to MutL. These peptides, comprising amino acids 153 to 172 and 156 to 172 are part of the region in MutH that we had previously identified by interference analysis to be the MutL interaction site (14) .
Thiol-thiol cross-linking of single-cysteine MutL and MutH variants
To obtain a more detailed picture of the MutL-MutH complex, we determined the distance between cysteine residues using various length cross-linkers. Different combinations of single-cysteine
MutH and MutL variants in complex were subjected to thiol-thiol cross-linking using the We tested a total of 65 combinations of MutL and MutH variants for thiol-thiol cross-linking with BMOE ( Figure 7 ). Only four combinations resulted in cross-link formation with a yield >25%, which is significantly (p<0.01) higher than the average cross-linking yield of less than 5%. From this analysis we conclude that the cysteine residues in the complex formed by H S104C /L N169C were able to form a cross-link using bBBr, implying that these residues are in close proximity within the complex (Figure 8) .
Model of the MutL MutH complex
The program Chemera/BIGGER was used to dock the MutH and MutL proteins and generate a model of the complex (25) . The initial 10.000 docking models were then scored with the results from our thiol-thiol cross-linking experiments using BMOE and/or bBBr. The average score of all docking models is 23 ± 12 Å. In contrast, the best ten models had an average score of only 2.2 ± 0.4 Å. In these models ( Figure 9 ) MutH is located between the two subunits of the dimeric MutL, in good agreement with our previous interference analysis (14) . Moreover, the models suggest an explanation for the dependence of ATP binding and thus dimerization of MutL for interaction and activation of MutH: the binding site is formed by both subunits of the MutL NTD.
Previous mutational analyses implicated that the DNA binding site of MutL is located in a deep
saddle-shaped groove formed between the two protein subunits, mainly between the transducer domains involving residues Lys 159, Arg 177 and Arg 266 as observed in gyrase B (27,34). The DNA binding site of MutH has been determined experimentally using a combination of mutational analyses and structure comparisons (14, 15, 18, 34) . In several of our top scoring models, the orientation of the two DNA binding sites suggests that both proteins could, in principle, bind to the same DNA molecule in a side by side manner (Figure 9 ). Such an interaction with DNA may be important for the activation of the MutH endonuclease by MutL.
Conclusions
Several studies have shown that MutL can interact both with MutH and MutS in the absence of DNA and that MutL can mediate binding of MutH to MutS, explaining the formation of a ternary complex (11, 26) . Though the activation mechanism of MutH mediated by MutL is unknown, it has been suggested that a long-lived MutS-MutL-MutH endonuclease-competent intermediate exists 
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